The parametric study using FEM and the experiment of T-beams prestressed with external tendons have been performed to investigate the factors thought to influence on the shear mechanism of externally prestressed concrete beams. The effects of prestressing force and stirrup can be observed as important factors to the failure mechanism. The simplified truss model, having a small number of degrees of freedom, has been modified and proposed by adapting the formulation to predict the angle of concentrated stress flow and the thickness of diagonal compression members for evaluating the shear carrying capacity of externally prestressed concrete beams. The predicted results show the good agreement with experimental results.
INTRODUCTION
Recently, externally prestressed concrete beams, in which the prestressing tendons are placed outside the concrete section and transfer the load to the concrete through end anchorages and deviators, have been commonly used and recognized as an effective method for the modern construction of segmental box girder bridges and in the strengthening and rehabilitation of existing structures. By strengthening, the mode of failure may change from the previous expectation (i.e. the structures before strengthening), because the increase in flexural capacity is not always accompanied by an equivalent increase in shear capacity 1) .
The prestressed concrete beams, which having shear span to effective depth ratio, a/d, is greater than or equal to 2.5, are defined as slender beams, and most of them are found to fail in shear compressive mode of failure. For evaluating the shear carrying capacity of concrete slender beams prestressed with bonded prestressing bars, most of recently methods, such as the empirical equation from ACI code 2) , the decompression moment method from JSCE 3) , and the consideration of resistance at flexural crack from M cr method 4) are proposed based on the empirical equations without the comprehensive explanation and clarification of influential factors. On the other hand, Lertsamattiyakul 5) conducted the parametric study by using the nonlinear finite element method (FEM) and proposed the simplified truss model in order to evaluate the shear carrying capacity of prestressed concrete slender beams without transverse reinforcement. The influential parameters, such as lower fiber stress, upper fiber stress, etc., were found to have a significant effect on the change of the inclination angle of concentrated stress flow, which is a key to solve the problem of shear compression failure mode. The model was found to be able to predict several experimental results of beams prestressed with bonded prestressing bars very well. However, the model does not extend to solve the shear problem of externally prestressed concrete beams with and without transverse reinforcement.
This study was therefore carried out to perform the parametric study using nonlinear FEM and the experiment of T-beams prestressed with external tendons in order to propose the simplified truss model for externally prestressed concrete beams, which can clarify the significant parameters on the shear behavior and the shear compression failure mechanism of such beams. The tendency of stress flows obtained from nonlinear FEM and experimental results using the image analysis is summarized and applied to propose the prediction equations for the inclination angle of concentrated stress flow, and the thickness of diagonal compression members, which are used in the simplified truss model. The proposed simplified truss model is utilized to compare the shear carrying capacity and the failure patterns with the experimental results of externally prestressed concrete beams.
SIMPLIFIED TRUSS MODEL
The schematic diagram of the simplified truss model (half model) 5) , which is adopted in this study due to the comprehensive explanation for the failure mechanism, for analyzing the shear carrying capacity of concrete beams prestressed with bonded prestressing bars without transverse reinforcement is illustrated in Fig. 1 under the concept of stress flow inside prestressed concrete beams. The model consists of 7 nodes and 11 elements for flexural compression members, transverse tension members, diagonal compression members and flexural tension members. The model is fixed in X-direction at both nodes along the center line and in Y-direction at the support. In Fig. 1 , the distance md (where m is the inverse of the slope of the concentrated stress flow, and d is the effective depth of the beam) is adopted as the horizontal distance from the loading point to the ended node of the diagonal compression member [3] , because most of the prestressed concrete beams have the concentrated stress flow along the diagonal compression member [3] . For the distance in horizontal direction from the loading point to the ended node of diagonal compression member [4] is set to be 0.5md due to the substress flow that occurs between the loading point to the ended node of diagonal compression member [3] ; therefore, a half of the horizontal distance of the diagonal compression member [3] is adopted.
However, the behavior of stress flow inside externally prestressed concrete beams may be different from the concrete beams prestressed with bonded prestressing bars due to the unbond of external tendons to concrete section and the uplift forces from the reaction of tendons at the location of deviators. To prove this the parametric study using FEM is conducted in the following section.
(1) Parametric study using finite element method a) Finite element method
The nonlinear FEM using DIANA system has been conducted to examine the shear failure mechanism of externally prestressed concrete beams with and without transverse reinforcement. Four node quadrilateral isoparametric plane stress elements in a two dimensional configuration were adopted for concrete as illustrated in Fig. 2 . Details of geometric properties of the analytical model are demonstrated in the figure. In Fig. 2 , the interface element used at the deviators and the end anchorages is also demonstrated. The friction between the tendons and the deviators is neglected. The stiffness in n-axis, D n , is set to be zero for tension due to the opening between the tendons and the deviators. For compression, due to the closing between the tendons and the deviators, the extremely large stiffness is applied as shown in Fig. 2 . For t-axis, the stiffness, D t , is set to be zero due to the assumption of frictionless between the deviator and tendons.
In the analysis, the smeared crack model is adopted as the crack model to concrete elements. Before cracking, the relation between the stresses and the strains is linear. After cracking, the reduction factor on the shear modulus, beta, is set as 0.05 in this study. For the constitutive model, Thorenfeldt's model 6) is applied for compression as shown in Fig.  3 . After cracking, the tension softening model proposed by Hordijk 7) is utilized as the concrete constitutive model under tension as illustrated in Fig. 4 .
Two node truss elements are applied as the tendon elements. These truss elements are connected to the concrete only at the deviators and end anchorages by means of using the interface element as shown in Fig.  2 . The reinforcement elements are modeled for internal bonded reinforcing bars to have the perfect bond with concrete. The bilinear elasto-plastic model of steel is adopted for the longitudinal reinforcement and prestressing tendons. During the analysis, the prestressing force is applied by using the incorporated prestressing command in DIANA system at the first step. After the first step, the displacement control is used in the analysis.
b) Parametric study
The parametric evaluation is performed with the investigation on ten significant parameters, which may affect the inclination angle of concentrated stress flow in externally prestressed concrete beams. The location of deviator, S d /L, the upper extreme fiber stress, σ u , the lower extreme fiber stress, σ l , the compressive strength of concrete, f' c , the shear span to effective depth ratio, a/d, the stirrup ratio, r, the effective depth, d, the flange width to web width ratio, b f /b w , internal bonded tensile reinforcement ratio, ρ w and the bearing plate width are considered in this parametric study. The range of these parameters is selected such that it covers the practical range. The variables and the numbers of cases considered in the parametric study are tabulated in Table 1 .
Due to the uplift force that may occur at the deviator, the location of deviator along the beam is considered in order to examine its influence on the inclination angle of stress flow by varying the deviator spacing-to-span ratio, S d /L from 0 to 0.6. Since the compressive stress in concrete due to prestress is found to play an important role to the shear carrying capacity of prestressed concrete beams set to be the range of 0% to 0.36%. The effective depth, d, is in the range from 300 mm to 900 mm. The ratio of widths of flange and web, b f /b w , is changed from 1.0 to 3.0. The longitudinal reinforcement ratio, ρ w , is varied from 0.5% to 5.0%.
It is observed from the analytical results that, after the diagonal crack occurred (ε 1 ≤ -0.0001), the beams still provided the compressive resistance in all cases. They failed by the crushing of concrete (ε 2 ≥ 0.002) in the web portion or the region between flange and web. This kind of failure is called as the shear compressive mode of failure.
c) Evaluation of inclination angle of concentrated stress flow
In order to apply the analytical results to propose the model, the tendency of inclination angle of critical stress flow is investigated. As same as Lertsamattiyakul 5) , based on the consideration of the principal stress, σ 2 , at each Gauss's point at 90% of shear carrying capacity, the tendency of inclination angle of critical stress flow can be found. 
d) Cross sectional area of each member
As demonstrated in Fig. 1 , the total cross sectional area of longitudinal bars, A s , and the total cross sectional area of external tendon, A ps , are employed as the cross sectional area of the flexural tension member. The cross sectional area of flexural compression member is assumed to be t f b f , where, t f and b f are the thickness and width of upper flange, respectively. The cross sectional area of transverse tension member, member [5] in Fig. 1 , is assumed to be the distance from the loading point to the middle point between two transverse tension members multiplied with the thickness of web, b w , with the additional cross sectional area of transverse reinforcement in that length multiplied with the ratio of elastic stiffness of reinforcement to initial elastic stiffness of concrete, E s /E c . For another transverse tension member, member [6] in 
E s /E c is used to obtain its cross sectional area. In order to obtain the reasonable cross sectional area of diagonal compression members, nonlinear FEM has been carried out by varying σ l , a/d, f' c , stirrup ratio (r), d, loading plate width (w l ), support plate width (w s ), b f /b w and longitudinal bonded tensile reinforcement ratio. At about 90% of the shear carrying capacity, the stresses in the vertical direction at each Gauss's point in each horizontal level, σ yi , are considered. The ranges of 0.2d inner side of a beam from the top steel bar and the bottom prestressing tendon at the failure side of the beam are investigated as shown in Fig. 8(a) . From the distributions of stress σ yi in the vicinity areas to the loading plate and support, the horizontal thickness of stress flow, t, are assessed as illustrated in Fig. 8(b) .
The horizontal thickness of stress flow is determined as the horizontal width of the distribution, t i , where the ratio of σ yi and the maximum values in that horizontal level, σ yi-max , is equal to 0.3, which is considered to be not too high or too low to be affected by the disturbance. The average value of the t i is applied as the horizontal thickness of the concentrated stress flow, t. The obtained horizontal thickness in the vicinity area of a loading point, t l , and a support, t s , with the variations of influential parameters are shown in Fig. 9 . It is found that the value of t can be approximated in terms of width of the loading plate, w l or support plate,w s , the effective depth, d, the value of b f /b w , the longitudinal bonded tensile reinforcement ratio and stirrup ratio. The values of t l and t s can be estimated as Eqs. (2) and (3). where, A s is the cross sectional area of longitudinal bonded tensile reinforcement; A sv is the cross sectional area of stirrup; s is the spacing of stirrups.
In the model, the members [1] - [2] in Fig. 1 , and members [3] - [4] in Fig. 1 are considered to be affected by the support and loading plates, respectively. The cross sectional area of each strut member can be obtained from the values of t l or t s multiplied with b w and its inclination angle. The cross sectional area of each member used in the simplified truss model is summarized in Table 2 .
(2) Evaluation of shear carrying capacity
The evaluation process is summarized in Fig. 10 . In order to calculate the shear carrying capacity of externally prestressed concrete beams, the equivalent elastic analysis is carried out. That is, after computing the value of m (Eq. (1)), each member force, F i , caused by the externally applied shear force, V, can be determined by employing Castigliano's second theorem, which is the theorem of minimum strain energy. The stiffness of concrete at the ultimate stage, where the strain at the maximum compressive strength, ε' 0 , is 0.002, as the secant modulus, E cu , is applied for diagonal compression members. The initial elastic stiffness of concrete, E c , is employed to flexural compression members which are considered to behave in the elastic range.
On the other hand, the resistance of each strut, R i , can be calculated from f' c incorporating the concrete softening parameter, η, the cross sectional area, A i , and the inclination angle of each member. For simplicity, the practical and reasonable equation of η is established with a small variation from 0.6 to 0.4 in the range of f' c of 30 to 100 N/mm 2 as in Eq. (4).
By comparing the value of F i with R i , the shear carrying capacity is determined when one of struts becomes critical that is the value of F i /R i becomes greatest and equal to 1.0. The values of F i and R i can be computed by using Table 3 . For evaluating each member force, F i , the expressions, C jk , calculated from the theorem of minimum strain energy are simply tabulated in Table 4 . With replacement of k from 1 to 4 to obtain C jk (k=1-4) in Table 4 , the coefficient C j (j=1-8) can be computed. By substituting the values of applied shear force, V, and obtained C j (j=1-8) into the equation in Table 3 , the member force of member [3] , F 3 can be calculated. By applying the value of F 3 , the member forces of other diagonal compression members can be evaluated.
EXPERIMENTAL EVALUATION (1) Test programs
The test specimens consisted of four concrete beams prestressed with external tendons, with the cross section dimensions and reinforcement details as demonstrated in Fig. 11 . The specimens were named as ns7, ns14, s7 and s14 as tabulated in Table  5 . The main parameters in this experiment were the compressive stress in concrete due to the prestress, and transverse reinforcements. The design effective prestress was set as 500 N/mm 2 for specimens ns7 and s7 in order to generate the compressive stress in concrete at the upper extreme fiber, σ u , and the lower extreme fiber, σ l , as -1.5 N/mm 2 and 7.4 N/mm 2 , respectively. For specimens ns14 and s14, 1000 N/mm 2 of design effective prestress was introduced in order to generate the compressive stress in concrete at the upper extreme fiber, σ u , as -3.0 N/mm 2 and the lower extreme fiber, σ l , as 14.9 N/mm 2 . The actual effective prestress is tabulated in Table 5 . Transverse reinforcements were used as shear reinforcement for specimens s7 and s14; however, for specimens ns7 and ns14, the transverse reinforcement was not provided in the test span.
In all specimens, the internal longitudinal tensile reinforcement consisted of four deformed steel bars with nominal diameter of 25 mm (A s = 506.7 mm 2 ), and eight deformed steel bars are for longitudinal compressive reinforcement with nominal diameter of 6 mm (A s ' = 31.67 mm 2 Table 5 .
Before testing, the beam specimens were prestressed using symmetrically arranged external tendons on both sides of the section of beams as illustrated in Fig. 11 . Three electrical strain gauges were placed on each tendon at the midspan. The strain of the prestressing tendon was taken as the average value of three measured strains. The shear span was set as 1.4 m, and the effective depth was 400 mm (i.e. a/d=3.5). The 150 mm width of loading and support plates were used in the test.
(2) Results and discussion a) Cracking behavior
The crack patterns of all specimens were demonstrated in Fig. 12 . Flexural cracks were firstly observed between the loading points. As the load increased, several new flexural cracks were developed in both shear spans, and these flexural cracks started to incline forming diagonal cracks. These diagonal cracks increased significantly in width and propagated upward to the compression zone of beams. Although the diagonal crack formed, as shown in Fig. 12 as the diagonal crack with angle β 1 , the beams were able to resist more loads. The loading was continued until the peak load of beams. For the specimens ns7 and ns14, which did not have any transverse reinforcement in the test span, a new diagonal crack, i.e., the diagonal crack with angle β 2 in Fig. 12 , penetrating from the loading point to the support was suddenly observed at the peak load, and the load suddenly decreased. However, in the specimens s7 and s14, the critical diagonal crack, i.e. the diagonal crack with angle β 2 , gradually increased in width. The stress flow inside the beams exhibited the compression arch to resist the shear force. Finally the beams failed in the shear compression mode of failure, even though the concrete strain at the top flange was small as shown in Table 6 . The inclination angles of diagonal cracks, β 1 and β 2 , were measured by taking average values of crack angle measured from several locations at the same height of that diagonal crack as illustrated in Fig. 12 . It is found that the inclination angles of critical diagonal crack, β 2 , becomes flatter in the beams with higher value of lower fiber stress, and becomes slightly steeper by providing shear reinforcements. Please note that the crack in the experiment did not have any effect from the deviators, because deviators were completely separated from the concrete as shown in Fig. 11 . Table 5 Detail of test beams The image analysis based on the grid method 8) was carried out in order to clarify the inclination angle of the concentrated stress flow. First, the image of a specimen with attached circular targets is taken at each load. The targets are recognized and the center of each target is calculated by image processing. The strain of each element is calculated by the finite element model using a constant strain triangular element. The center of gravity of each triangle element is used to represent the location of that element. As similar as in Section 2.1(c), the locations of the maximum absolute values of 2 of each horizontal level, 2i-max , are selected at the failure side of the beam. By considering the location of 2i-max as the coordination in X-Y axes, the correlation coefficient is computed and only the point which provides a high value of correlation coefficient is chosen ( 0.95). Figures 13(a), 13(b) and 13(c) show the distribution of the principal tensile strain, the distribution of the principal compressive strain, and the original image, respectively, for the typical specimen ns14 at 570 kN. Table 7 shows the results of the inclination angle of diagonal cracks obtained from the experiment ( 1 and 2 ) and the image analysis ( image ), the inclination angle of the concentrated stress flow from image analysis, image , the inclination angle of concentrated stress flow from FEM, FEM , and the value of m from Eq. (1). From Fig. 13(c) , the image of specimen ns14 (the last image before the beam failed) was taken at 570kN, which is near to the peak load (574.8kN). However, only one large opening diagonal crack, i.e. the crack with angle 1 in Fig. 12 , could be observed, because the critical diagonal crack suddenly appeared at the peak load for the beam without stirrup. Therefore, the inclination angle of the diagonal crack from image analysis can only capture the crack with angle 1 . However, for the beams with stirrup (s7 and s14), the critical diagonal crack gradually increased in width, so the critical diagonal crack angle can be captured with image analysis. From Table 7 , it can be observed that the diagonal crack angle from image analysis can match with the actual crack angle very well, so it can imply that the inclination angle of the concentrated stress flow is applicable. From this image analysis and FEM results, it can be concluded that when the lower fiber stress, σ l , increases, the inclination angle of the concentrated stress flow becomes steeper. Moreover, if the transverse reinforcements are provided, the inclination angle of the concentrated stress flow slightly increases. From the comparisons of the inclination angle of concentrated stress flow from the image analysis, θ image , and the inclination angle of concentrated stress flow from FEM, θ FEM , with the value of m (Eq. (1)) in the simplified truss model in Table 7 , it is evident that the FEM results on the concentrated stress flow, θ FEM , and the proposed formulation for the value of m (Eq. (1)) yields the well-predicted results compared with the experimental results. It is proven that the prestressing level is considered to provide the strong effect to the inclination angle of concentrated stress flow.
c) Load-deflection responses
The responses of applied load versus deflection of beams are illustrated in Fig. 14 . The summary of measured resistances of specimens from the cracking to the peak load together with the midspan deflection, stress in tendon at the peak and tendon depth at the peak are tabulated in Table 6 . In the beginning, the beams behaved as the linear elastic body until the first flexural crack between the loading points occurred that reduced the beam stiffness. The loading was continued until the diagonal crack appeared, which caused the slight drop of the load and changed the beam stiffness for specimens ns7 and ns14, which did not have any transverse reinforcement in the test span. On the other hand, for specimens s7 and s14, which had transverse reinforcements, the loading was smoothly continued, and only the change in the beam stiffness could be observed when the diagonal crack appeared. It is interesting to notice that the loading resistances at the first diagonal crack of ns14 and s7 are almost the same, even though there was no transverse reinforcement in the specimen ns14. And then the loads gradually increased again until the peak resistance.
The second order effects can be neglected in the case of shear failure mode, since from the experimental results, the tendon depth at the peak changed only about 0.75% from the initial tendon depth. The stress increment in tendons, ∆f ps (=f ps -f pe ), did not increase as much as in the case of flexural problem, because the deflection of such beams, which failed in shear, is not as much as in the case of flexural problem 9) . For the tendons in draped profile, as referred to Kondo et. al 10) , the stress increment in external tendons did not increase so much in shear problem.
ACCURACY OF EXISTING PREDICTI-ON EQUATIONS AND PROPOSED ME-THOD
In this study, a total of 19 beams of experimental investigations for externally prestressed concrete beams with and without transverse reinforcement, including present study (4), Kondo et 14) (5) (the number in parentheses indicates the number of beams), was used to confirm the applicability of the proposed simplified truss model and to examine the accuracy of the prediction equations. The experimental results cover several factors, such as shear span to effective depth ratio, a/d, effective depth, d, compressive strength of concrete, f' c , upper fiber stress in concrete, σ u , lower fiber stress in concrete, σ l , support plate width, w s , loading plate width, w l , internal bonded tensile reinforcement ratio, ρ w , and stirrup ratio, r. Table 8 tabulates the details of these beams the range of 0% to 1.69%, respectively. In calculation of the simplified truss model, four diagonal compression members are considered in order to find out the one which causes the shear compression mode of failure. The number of diagonal compression member is shown in Fig. 1 . The typical crack patterns from the experiments at the ultimate stage are utilized to compare with the critical members in the simplified truss model as illustrated in Fig.15 . The bold dashed line represents Load of first diagonal crack the critical member of each case. It is also observed that most of the failure patterns from the experimental results in Table 8 can be well predicted by the proposed model. From these results of comparison, it is proven that the proposed model is applicable for predicting the failure pattern of externally prestressed concrete beams with and without transverse reinforcement, even if the high strength concrete, lightweight aggregate (Mitamura's study 12) ), or high prestressing force is applied to the beams.
Furthermore, the comparisons of shear carrying capacity for externally prestressed concrete beams between the experimental results and the calculated results from the decompression moment method recommended by JSCE 3) , M cr method 4) and the proposed simplified truss model are performed and summarized in Fig. 16 . By comparing these three methods, the proposed model yields the superior accuracy and reliability in prediction with an average value (AVE.) of V EXP /V CAL of 1.03 and a coefficient of variation (C.V.) of 0.10, while the AVE. of V EXP /V CAL and the C.V. of JSCE are 1.38 and 0.26, respectively. For M cr method, its AVE. of V EXP /V CAL and its C.V. are 0.98 and 0.20, respectively. Therefore, it is proven that the proposed simplified truss model provides the well-predicted results compared with the experimental results in the variety of parameters. Tan and Ng 11) 3.6 3.6
CONCLUDING REMARKS
The parametric evaluation by applying the nonlinear finite element method and experimental study on shear failure mechanism of externally prestressed concrete beams with and without transverse reinforcement were performed in order to investigate the effects of prestressing force, shear span to effective depth ratio, compressive strength of concrete, effective depth, stirrup ratio and internal bonded tensile reinforcement ratio on the inclination angle of concentrated stress flow, failure patterns and the shear carrying capacity. From this parametric evaluation, the method for calculating the shear carrying capacity of externally prestressed concrete beams, i.e. the simplified truss model, was proposed in this study. This model was validated by the experimental investigations of externally prestressed concrete beams conducted in this study and other researchers 10)- 14) . It is found in both analytical and experimental results that by increasing the value of lower fiber stress, the inclination angle of concentrated stress flow becomes steeper. On the other hand, by increasing the values of compressive strength of concrete and shear span to effective depth ratio, the inclination angle of concentrated stress flow becomes flatter. From these tendencies, the predicted formulation for evaluating the inclination angle of concentrated stress flow is proposed in term of m.
For evaluating the shear carrying capacity, the equivalent elastic analysis is carried out due to the indeterminate of the proposed simplified truss model. The thickness of diagonal compression members is estimated by considering the influences of bearing plates, the effective depth, the ratio of widths of flange and web, the internal bonded tensile reinforcement ratio and the stirrup ratio. After computing the values of m and the thickness of diagonal compression members, t, the shear carrying capacity can be obtained by comparing with the member force estimated by theorem of minimum strain energy. It is found that the proposed simplified truss model provides better correlation for predicting the shear carrying capacity of externally prestressed concrete beams as compared with other existing prediction equations. Moreover, the proposed simplified truss model can also satisfactorily predict the failure patterns matching with the actual failure.
